Keywords: cortisol courtship differential allocation Gasterosteus aculeatus maternal effect multimodal communication reproductive investment Differential allocation occurs when individuals alter their reproductive investment based on their mate's traits. A previous study showed that male threespine sticklebacks, Gasterosteus aculeatus, reduced courtship towards females that had previously been exposed to predation risk compared to unexposed females. This suggests that males can detect a female's previous history with predation risk, but the mechanisms by which males assess a female's history are unknown. To determine whether males use chemical and/or visual cues to detect a female's previous history with predation risk, we compared rates of courtship behaviour in the presence of visual and/or olfactory cues of predator-exposed females versus unexposed females in a 2 Â 2 factorial design. We found that males differentiate between unexposed and predator-exposed females using visual cues: regardless of the olfactory cues present, males performed fewer zigzags (a conspicuous courtship behaviour) when they were exposed to visual cues from predator-exposed females compared to unexposed females. However, males' response to olfactory cues changed over the course of the experiment: initially, males performed fewer courtship displays when they received olfactory cues of predator-exposed females compared to unexposed females, but they did not discriminate between cues from predator-exposed and unexposed females later in the experiment. A follow-up experiment found that levels of cortisol released by both predator-exposed and unexposed females decreased over the course of the experiment. If cortisol is linked to or correlated with olfactory cues of predation risk that are released by females, then this suggests that the olfactory cues became less potent over the course of the experiment. Altogether, these results suggest that males use both visual and olfactory cues to differentiate between unexposed and predator-exposed females, which may help ensure reliable communication in a noisy environment.
Differential allocation occurs when individuals alter their reproductive investment based on their mate's traits. A previous study showed that male threespine sticklebacks, Gasterosteus aculeatus, reduced courtship towards females that had previously been exposed to predation risk compared to unexposed females. This suggests that males can detect a female's previous history with predation risk, but the mechanisms by which males assess a female's history are unknown. To determine whether males use chemical and/or visual cues to detect a female's previous history with predation risk, we compared rates of courtship behaviour in the presence of visual and/or olfactory cues of predator-exposed females versus unexposed females in a 2 Â 2 factorial design. We found that males differentiate between unexposed and predator-exposed females using visual cues: regardless of the olfactory cues present, males performed fewer zigzags (a conspicuous courtship behaviour) when they were exposed to visual cues from predator-exposed females compared to unexposed females. However, males' response to olfactory cues changed over the course of the experiment: initially, males performed fewer courtship displays when they received olfactory cues of predator-exposed females compared to unexposed females, but they did not discriminate between cues from predator-exposed and unexposed females later in the experiment. A follow-up experiment found that levels of cortisol released by both predator-exposed and unexposed females decreased over the course of the experiment. If cortisol is linked to or correlated with olfactory cues of predation risk that are released by females, then this suggests that the olfactory cues became less potent over the course of the experiment. Altogether, these results suggest that males use both visual and olfactory cues to differentiate between unexposed and predator-exposed females, which may help ensure reliable communication in a noisy environment. © 2018 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Because courtship and parenting are costly and risky (Chellappa, Huntingford, Strang, & Thomson, 1989; Magnhagen, 1991; Reguera & Gomendio, 1999; Woods, Hendrickson, Mason, & Lewis, 2007) , individuals often adjust their reproductive efforts according to the characteristics of their mates (differential allocation: Burley, 1986 Burley, , 1988 Sheldon, 2000) . Visual traits (e.g. bright and large sexually selected ornaments: Andersson, 1994), acoustic cues (e.g. highquality songs or vocalizations: Christie, Mennill, & Ratcliffe, 2004; Holzer, Jacot, & Brinkhof, 2003; Wyman et al., 2012) and olfactory cues (e.g. pheromones: Rantala, Kortet, Kotiaho, Vainikka, & Suhonen, 2003) can all differentiate high-quality mates from lowquality mates. Because high-quality mates produce offspring with increased survival (Hasselquist, Bensch, & von Schantz, 1996; Møller & Alatalo, 1999; Petrie, 1994) , better growth and condition (Petrie, 1994; Welch, Semlitsch, & Gerhardt, 1998) and increased sexual ornamentation (Griffith, Owens, & Burke, 1999; Norris, 1993) , individuals often increase their courtship effort and parental investment when they receive visual, acoustic or olfactory cues indicating a high-quality potential mate (Gil et al., 1999 (Gil et al., , 2004 Sheldon, 2000; Soma & Okanoya, 2013) . Individuals may rely primarily on one type of cue or may use different types of cues simultaneously to assess mate quality, which may increase the reliability of signals in a variable environment (Bro-Jørgensen, 2010) .
